We characterize the flux sensitivity of a dispersive 3D aluminum nanobridge SQUID magnetometer as a function of applied in-plane magnetic field. In zero field, we observe an effective flux noise of 17 nΦ 0 /Hz 1/2 with 25 MHz of bandwidth. Flux noise increased by less than a factor of three with parallel magnetic fields up to 61 mT. Operation in higher fields may be possible by decreasing the dimensions of the shunt capacitor in the magnetometer circuit. These devices are thus well suited for observing high-speed dynamics in nanoscale magnets, even in the presence of moderate bias magnetic fields.
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We characterize the flux sensitivity of a dispersive 3D aluminum nanobridge SQUID magnetometer as a function of applied in-plane magnetic field. In zero field, we observe an effective flux noise of 17 nΦ 0 /Hz 1/2 with 25 MHz of bandwidth. Flux noise increased by less than a factor of three with parallel magnetic fields up to 61 mT. Operation in higher fields may be possible by decreasing the dimensions of the shunt capacitor in the magnetometer circuit. These devices are thus well suited for observing high-speed dynamics in nanoscale magnets, even in the presence of moderate bias magnetic fields.
High-speed, localized measurement of atomic and molecular magnets is a challenge that can potentially be met by superconducting circuitry. In particular, nanoscale superconducting quantum interference devices (nanoSQUIDs), consisting of two sub-micron weak-link Josephson junctions in a loop, combine the high sensitivity hallmark of conventional tunnel junction based SQUIDs with a geometry optimized for efficient electromagnetic coupling of nanoscale magnets (see Figure 1a) .
1-11 NanoSQUIDS are typically fabricated with "2D" weak-links, where the bridge and banks are of the same thickness.
12 This geometry permits operation in a large applied in-plane magnetic field, often required for tuning the energy level structure of a nanomagnet, but at the expense of a lower overall flux sensitivity than comparable tunnel junction devices. Reduced sensitivity results from the suppressed critical current modulation with flux associated with planar weak-link junctions which have a weakly nonlinear current-phase relationship (CPR).
12-14
The CPR of "3D" nanobridge junctions, which have banks much thicker than the bridges, is a skewed sinusoid and can approach that of an ideal point contact, thus improving modulation depth. 13, 14 Moreover, 3D nanobridges provide sufficient nonlinearity for parametric gain, 13, 15 further improving sensitivity. The presence of thick banks raises the question of whether these structures will operate in large parallel magnetic field. Furthermore, to maximize the nonlinearity of the CPR, the nanobridge dimensions must be on the order of the superconducting coherence length ξ. This task is readily achieved using thin film aluminum which has ξ ∼ 35 nm, but a smaller bulk critical field 11 than traditional type II superconductors, such as niobium, which is often used in conventional nanoSQUIDs.
In this letter, we demonstrate the successful operation of a dispersive 3D nanobridge SQUID magnetometer in moderate applied in-plane magnetic fields. In our device, an aluminum nanoSQUID is shunted by an onchip capacitor to realize a 4-8 GHz flux tunable resonator. An input magnetic flux signal induces a change in resonant frequency which is read out by microwave reflectometry, 16 providing 100 MHz of signal bandwidth while avoiding the dissipation associated with conventional nanoSQUID devices as typically operated. Such devices are operated in the vicinity of the voltage state as flux-dependent switching current detectors.
We find that 3D aluminum devices operate reliably up to 61 mT applied field with less than 50 nΦ 0 /Hz 1/2 of effective flux noise, on par with the best tunnel junction based dc SQUIDs, and without any bandwidth degradation. Additionally, we tested a 2D nanobridge dispersive device for comparison and observed similar field tolerance. This suggests that operation within large inplane fields is not currently limited by flux penetration into the 3D junctions and further optimization may be possible. This magnetic field tolerance, combined with low flux noise, absence of on-chip dissipation, wide bandwidth and a constriction geometry make the dispersive aluminum nanoSQUID a practical sensor for characterizing spin dynamics in a variety of single molecule magnets, magnetic nanoparticles, and spins implanted in a solidstate matrix such as nitrogen vacancies in diamond and dopants in silicon.
The magnetometer consists of an aluminum nanobridge SQUID 14, 15, 17 shunted by a parallel plate capacitor formed by two aluminum pads, with ∼ 100 µm lateral dimension, patterned on top of a ∼ 100 nm silicon nitride dielectric layer and metallic Nb underlayer. Figure 1 shows close-up SEM images of the 2D and 3D nanobridge SQUIDs. The 3D nanobridges are fabricated using a lift-off process with electron-beam lithography and in situ double-angle evaporation.
14 The bridges are typically 100 nm long, 30 nm wide, and 15 nm thick. The SQUID banks are 70 nm thick, and the loop is approximately 2 x 1.5 µm 2 . Detailed images of the device are given in Refs. 15 and 17. Planar 2D nanoSQUID (with 15 nm thick banks and bridges) structures were produced for comparison with the same lithographic process but with a single metallization step at normal incidence. Both types of devices had an on-chip fast flux line to inject calibrated flux signals from dc up to GHz frequencies. C is the shunt capacitance. When the device is pumped with a microwave tone near its resonance, a flux signal modulates the phase of the reflected microwave pump signal. Thus, if the circuit is pumped at ω d , the reflected signal will exhibit sidebands at ω d ± ω s in the frequency domain where ω s is the flux signal frequency.
16,17
A schematic of the device and measurement circuit is shown in Figure 1c . It should be emphasized that this is a non-dissipative device. As a consequence, under typical conditions there is no variation with frequency of the reflected signal magnitude and instead we measure the reflected phase.
All measurements were performed in a cryogen-free sorption-pumped dilution refrigerator at 150 mK within a custom 3-axis magnet. The 4 K stage of the refrigerator is cooled with a mechanical pulse tube (PT) cooler and holds the 3-axis magnet, which consists of a large solenoid surrounded by two orthogonal Helmholtz pairs. An illustration of the SQUID as arranged in the magnetic field is shown in Fig 1b. We use the Helmholtz coils to produce a static flux bias and also to shim the main solenoid. This shimming ensures the static flux bias is kept constant as the in-plane field is ramped up.
The magnetometer can be modeled as consisting of two stages: the first stage is a transducer which upconverts a low-frequency magnetic flux signal into a microwave voltage signal and the second a parametric gain stage. 16, 17 If the magnetometer is operated in the "linear regime" then it acts solely as a flux transducer. The capacitively shunted nanoSQUID, which can be thought of as a nonlinear oscillator, in this case has low excitation energy and exhibits harmonic motion. However, if the device is pumped at a higher power and lower frequency, it can operate in the parametric (or "paramp") regime.
In that case, the junction nonlinearity is sampled, and the magnetometer additionally performs near-quantum limited amplification on the transduced and upconverted flux signal. This amplification step allows for even lower flux noise in the device. [15] [16] [17] The near-sinusoidal currentphase relation of 3D nanobridges allows operation in paramp regime, improving noise performance. However, operation of 2D nanobridge devices in such a regime is extremely challenging, and for some sample parameters is impossible. This is due to the reduced nonlinearity in the CPR of the 2D junctions.
12-15
In Figure 2 we show sample flux noise spectra. These traces were acquired using homodyne detection of the reflected output. The magnetometer pump tone is split and used to pump the device and also downconvert the output signal, yielding a spectrum from dc to the Nyquist frequency associated with our digitizer sampling rate. A known low frequency flux signal is also sent into the device via the fast flux line and used to calibrate the voltage spectrum into flux noise units. This calibration signal is the peak at 500 kHz visible in all of the spectra. Figure 2 shows spectra taken with and without parallel fields in both the linear and paramp regimes. The spectra at 33 mT were taken with and without the pulse tube (PT) cooler to illustrate that the noise below 100 kHz in large parallel fields is dominated by the acoustic (and possibly electrical) noise of the pulse tube. The inset in Figure 2 shows the location of static flux bias point for these measurements which was approximately Φ 0 /4.
The flux noise at 1 MHz for both 3D and 2D magnetometer devices is plotted versus magnetic field in Figure 3 . The bottom two traces show flux noise for the 3D nanobridge device run in the paramp (bottom, blue solid) and linear regime (middle, red dot-dashed). The top trace (black dashed) is flux noise of the 2D device in the linear regime. The 2D device has larger error bars due to greater uncertainty in the calibration stemming from an irregular flux versus phase tuning curve. This 2D device could not be operated in the paramp regime.
13,14
The minimum flux noise measured on the 3D nanobridge device was 17.0 ± 0.9 nΦ 0 /Hz 1/2 . We define the device bandwidth as the frequency beyond the white noise floor (flat region of the spectra, cf. At fields below 60 mT the slowly increasing flux noise with in-plane field is likely due to a combination of factors, including microwave losses, instability of bias points, and a decreased flux-to-voltage signal transduction. The latter is a result of a decreased slope in the flux tuning curve. Suppression of the superconductivity as in-plane field increases leads to decreased resonant frequency at Φ DC = 0. At fields higher than 60 mT, microwave losses in the 3D nanobridge magnetometer become pronounced with a large absorption peak.
There is no discernible difference in field tolerance between the 2D and 3D SQUID devices. Thus we believe that we may be limited by superconductivity suppression in the 200 nm thick niobium ground planes rather than in the aluminum SQUIDs themselves. If suppression of superconductivity begins at the edges of the device ground plane, and if the capacitor pads of the device extend all the way to these edges, we would expect to see a detrimental effect on the capacitor properties as in-plane field increased. These devices would exhibit greater loss and a lower field tolerance than devices with pads smaller relative to the ground plane. Such behavior was observed for several devices.
In conclusion we have shown that our 3D nanobridge magnetometer has a minimum flux noise of 17 ± 0.9 nΦ 0 /Hz 1/2 with only a factor of ∼2.5 increase in flux noise up to 61 mT. The maximal bandwidth values range from 25-40 MHz in the paramp regime to 70 MHz in the linear regime. This combination of large bandwidth, low flux noise, large flux coupling and field tolerance make this sensor a promising candidate for near-single-spin dynamics measurements. Future applications include measurements of Cobalt nanoclusters, [18] [19] [20] Nitrogen Vacancy (NV) centers in nanodiamonds, 21 and Bismuth implanted in 28 Si. 22 A parallel magnetic field of 20 mT is sufficient to Zeeman split the NV center levels |m s = ±1 by ∼560 MHz which is much larger than the transition linewidths. A field of 60 mT is also more than sufficient to resolve the individual Bismuth electron spin transitions and reach the first so-called "clock transition point" where the slope of the transition frequency with field goes to zero: dω Bi /dB = 0. At this field value, a reduction of decoherence is expected due to insensitivity to magnetic field.
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